The complete nucleotide sequence of the mitochondrial genome of the white rhinoceros, Ceratotherium simum, was determined. The length of the reported sequence is 16,832 nucleotides. This length can vary, however, due to pronounced heteroplasmy caused by differing numbers of a repetitive motif (58-CG-CATATACA-38) in the control region. The 16,832 nucleotide sequence presented here is the longest version of the molecule and contains 35 copies of this motif. Comparison between the complete mitochondrial sequences of the white and the Indian (Rhinoceros unicornis) rhinoceroses allowed an estimate of the date of the basal evolutionary divergence among extant rhinoceroses. The calculation suggested that this divergence took place approximately 27 million years before present. r 1997 Academic Press
INTRODUCTION
The perissodactyl family Rhinocerotidae includes four recent genera, Rhinoceros (Indian and Javan rhinoceroses), Dicerorhinus (Sumatran rhinoceros), Diceros (black rhinoceros), and Ceratotherium (white rhinoceros). Rhinoceros and Dicerorhinus occur in Asia, whereas Diceros and Ceratotherium are found in Africa. The family Rhinocerotidae is distinct and well defined, but systematic relationships among the four genera (reviewed by Morales and Melnick, 1994) are controversial. Evolutionary relationships within the Rhinocerotidae have generally been evaluated on the basis of geographical distribution of the different genera or on the number of horns (one or two) characterizing these genera. In the present study we describe the complete mtDNA sequence of a two-horned species, the white rhinoceros, and compare it in detail with that of a one-horned species, the Indian rhinoceros (Xu et al., 1996b ). This comparison makes it possible to address the date of the basal rhinocerotid divergence irrespective of whether it is defined by geographical distribution or number of horns. The date of divergence between the two rhinoceroses was estimated using the evolutionary separation of Artiodactyla and Cetacea set at 60 million years before present, MYBP, as a reference . The position of the black rhinoceros, Diceros bicornis, relative to the other two species was also examined; however, only a limited amount of sequence data is currently available for this species compared to the Indian and the white rhinoceroses.
MATERIALS AND METHODS
A total amount of 1.5 g of striated muscle from the white rhinoceros, Ceratotherium simum, was kindly provided by Dr. Peter Arctander, Department of Zoology, Univ. of Copenhagen, Denmark. An enriched mtDNA fraction was isolated as described by Arnason et al. (1991) . The enriched mtDNA was digested separately with HindIII, SpeI, XbaI, BlnI, BglII, and BclI. The products were ligated directly into M13 and cloned in Escherichia coli JM101. Positive clones were identified through hybridization, using mtDNA fragments from the horse and the donkey as labeled probes. The clones covered the entire molecule except for a 3,971-nucleotide (nt)-long region located between positions 11,622 and 15,592 of the complete sequence. This region was PCR amplified in two separate reactions prior to cloning. Six individual PCR clones from each reaction (all identical) were then used to determine the sequence of the region.
The sequence of the control region was determined by sequencing two natural (not PCR) clones. In addition, the number and sequence of repeat motifs in this region were determined from a total of 58 clones derived from PCR amplification. Sequencing was according to the dideoxy termination technique (Sanger, 1977) with [ 35 S]dATP using both universal and numerous specific oligonucleotide primers.
Handling of sequences and alignments were per-formed with the GCG (1994) program package. Insertion/deletion (indel) differences were counted as single events irrespective of their lengths. Conservative nucleotide changes (Irwin et al., 1991) included all substitutions at the 1st codon position except leucine transitions, all substitutions at the 2nd codon position, and transversions at the 3rd codon position. The mtDNA sequence of the white rhinoceros has been deposited at EMBL with Accession No. Y07726. Users of this sequence are kindly requested to refer to the present paper in addition to the accession number of the sequence.
RESULTS
The length of the mtDNA sequence presented here for the white rhinoceros, Ceratotherium simum, is 16,832 nt. As with other perissodactyl species for which complete mtDNA sequences are available-horse (Xu and Arnason, 1994) , donkey (Xu et al., 1996a) , and Indian rhinoceros (Xu et al., 1996b )-the control region of the white rhinoceros contains variable numbers of repeat motifs arranged in tandem. The lengths of individual mtDNA sequences of the white rhinoceros can therefore vary (heteroplasmy). The base composition of the L-strand, excluding the control region, is A, 33.4%; C, 27.9%; G, 12.9%; and T, 25.8%. In the control region of the reported sequence (35 repeats) the corresponding values are A, 33.7%; C, 28.9%; G, 12.0%; and T, 25.4%.
Positions of protein-coding genes were determined by the occurrence of start and stop codons and by analogy with other complete eutherian mtDNA sequences. The start codon of the NADH3 gene is ATT (isoleucine). All other genes have a methionine start codon. Three protein-coding genes-COIII, NADH3, and NADH4-have incomplete stop codons (TA or T). In all three cases, the terminal nt is contiguous to the 58 terminal nt of a tRNA gene. As discussed by Wolstenholme (1992) and consistent with the findings of Ojala et al. (1981) , the transcripts of such genes contain a stop codon created by posttranscriptional polyadenylation. Among other eutherians studied so far, only the fin and the blue whales (Arnason et al., 1991; Arnason and Gullberg, 1993 ) have a complete stop codon in COIII, while the NADH3 gene is terminated by a complete stop codon only in the mouse (Bibb et al., 1981) , the rat (Gadaleta et al., 1989) , and the hedgehog (Krettek et al., 1995) . A complete stop codon has not yet been described in the NADH4 gene of any eutherian.
The control region of the sequence reported here is 1,381 nt long with a continuous run of 35 repeat motifs (58-CGCATATACA-38). These repeats are located in the 38 part of the control region, between positions 16,187 and 16,536 of the complete sequence. Like most repeat motifs in eutherian control regions, the white rhinoceros motif is characterized by a purine/pyrimidine alternation (Ghivizzani et al., 1993; Xu and Arnason, 1994) . In order to determine the range of variation among different control regions, we sequenced 60 different clones (two natural plus 58 PCR clones) of the repeat part of the control region. The number of motifs among these clones varied from 10 to 35. Most sequences fall in the middle of the range of repeat numbers (see Fig. 1 ). The control region of the white rhinoceros, like that of the horse (Xu and Arnason, 1994) , is characterized by only one type of repeat motif. Both species are heteroplasmic with respect to the number of repetitive motifs, but unlike the white rhinoceros, the distribution of repetitive motifs in the horse is bimodal with skewed distribution toward high number of motifs (see Fig. 1 in Xu and Arnason, 1994) .
The sequence of the repeat motif in the control region of the white rhinoceros is identical to one and similar to the other (58-CGCACACACA-38) repeat motif in the control region of the black rhinoceros (Jama et al., 1993) .
COMPARISON WITH THE mtDNA OF INDIAN RHINOCEROS
Alignment of the complete mtDNA sequences for the white and the Indian rhinoceroses outside the control regions showed 17 indel differences between the two sequences. One indel (a codon triplet) was in the ATPase8 gene, which is 207 nt long in the white rhinoceros as compared to 204 nt in the Indian rhinoceros, the horse, and the donkey. This indel difference is at the C terminus of the gene. There were six indels in the 12S rRNA gene and eight in the 16S rRNA gene. One indel was observed in each of the tRNA-Leu(UUR) FIG. 1. Distribution of clones, according to their repeat number, in the control region of the mtDNA of the white rhinoceros. The number of repeats per clone was determined by sequencing a total of 60 clones (two directly cloned restriction fragments and 58 PCR clones). The number of repeats per clone is shown on the horizontal axis. The number of clones with a particular repeat number is shown on the vertical axis. The PCR amplification of the control region was undertaken by means of primers that were complementary to the sequence of directly cloned restriction fragments. and the tRNA-Arg gene alignments. These indels were located in the D-loop region of the inferred secondary structure of the tRNA genes. Apart from indel differences, the two molecules (excluding the control regions) differed at 1,666 nt positions (10.8%).
The 13 protein-coding genes of the white and the Indian rhinoceroses were compared with respect to both total nt difference and conservative nt difference (Irwin et al., 1991) , Table 1 . The nt differences were examined with regards to both the codon position and the type of substitution (transition, transversion). The genes differ at 1,391 positions (12.2%). The codon position ratio for total nt difference is 2.6:1:11.1. The total number of conservative nt differences is 418 (3.7%). The codon position ratio for these differences is 1.5:1:1.9. Table 2 shows total nt, conservative nt, and aa differences for each of the 13 protein-coding genes of the white and the Indian rhinoceroses. The genes have been arranged according to increasing aa difference. This order and that based on conservative nt difference are reasonably consistent, whereas the order based on total nt difference is markedly different. The relationship among different modes of comparisons has been discussed previously in comparisons of several closely related species pairs (Xu and Arnason, 1996a ) and will therefore not be detailed here. The range for total nt difference is between 9.7% (NADH2) and 15.5% (ATPase8), that for conservative nt difference is between 1.5% (COII) and 8.7% (ATPase8), and that for aa difference is between 1.2% (COI) and 18.8% (ATPase8). Note. nt, nucleotide; Ti, transitions; Tv, transversions; R., ratio; Cons., conservative; a, differences involving leucine in both species; b, differences other than those involving leucine in both species. The indel difference in ATPase8 was not included in the codon position difference. The amplitude between the lowest and highest values for total nt difference is limited compared to that for conservative nt and aa difference, suggesting a high degree of saturation in the dataset for total nt difference. Table 3 gives details of four pairwise perissodactyl comparisons, horse/donkey, white/Indian rhinoceroses, horse/white rhinoceros, and horse/Indian rhinoceros. The horse and the donkey form the most closely related species-pair, whereas the comparison between the horse and the rhinoceroses represents the deepest perissodactyl divergence. We have previously (Xu et al., 1996a) dated the divergence between the horse and the donkey to <9 MYBP, and that between the families Equidae and Rhinocerotidae to <50 MYBP (Xu et al., 1996b) . With respect to total nt difference a saturation effect is pronounced in the comparison between the horse and the rhinoceroses, leading to a difference that is only 2.3 times greater than that between the horse and the donkey. The differences among the 12S rRNA and the 16S rRNA genes, respectively, in the three divergences (counting the relationship between the horse and the two rhinoceroses as one divergence) differs somewhat from that based on aa and conservative nt differences. While this discrepancy may to some extent be due to stochastic fluctuations, the effect of multiple hits (both transitions and transversions) in fast evolving rRNA sites cannot be ruled out.
The differences in codon position ratios (both total and conservative nt substitution) in the three divergences are consistent with differences in rates and mode of substitution at the three codon positions.
The combined sequences of the tRNA genes of the two rhinoceroses differ by 5.8%. The greatest differences (eight transitions and one transversion, respectively) were registered between the tRNA-Glu and tRNA-Thr genes.
The sequences of two complete tRNA genes, tRNAPhe and tRNA-Pro, from the black rhinoceros were reported by Jama et al. (1993) . The tRNA-Phe genes of the white and the black rhinoceroses differ by two transitions, as compared to seven transitions and one transversion between the white and the Indian rhinoceroses. The tRNA-Pro genes of the white and the black rhinoceroses differ by three transitions, one less than that between the white and the Indian rhinoceroses.
The stem region of the origin of replication of the L-strand is identical in the white and the Indian rhinoceroses, while the loop regions differ by three transitions.
ESTIMATING THE DIVERGENCE TIME BETWEEN THE WHITE AND THE INDIAN RHINOCEROSES
The time of the evolutionary divergence between the families Equidae and Rhinocerotidae was recently estimated using the 60 MYBP dating of the split between Artiodactyla and Cetacea as an external reference. The application of this reference (A/C-60) to the molecular distance between the Equidae and the Rhinocerotidae gave an estimated divergence time of <50 MYBP between these two perissodactyl families (Xu et al., 1996b) . The aa difference between the combined sequences of the 13 proteincoding genes of the Equidae and the Rhinocerotidae is 9.8%, while the corresponding difference between the genera Ceratotherium and Rhinoceros is 5.9%. Application of A/C-60 dates the divergence between the two rhinoceroses to 27.2 MYPB (95% confidence limits: 63.8 MY). This dating conforms with the molecular difference between the Equidae and the Rhinocerotidae, suggesting that the relative rate of evolution has been similar in the two families. 1.9 5.9 9.5 9.8 Codon position ratio, total nt substitution 3.5:1.0:25.7 2.6:1.0:11.1 2.4:1.0:9.5 2.3:1.0:8.9 Codon position ratio, conservative nt substitution 1.5:1.0:2.1 1.5:1.0:1.9 1.6:1.0:3.5 1.6:1.0:3.6 Percentage 12S rRNA difference, Total;Ti;Tv;indel 4.9;3.9;0.7;0.3 7.6;6.0;1.0;0.6 12.3;9.0;2.4;0.9 13.1;9.4;2.8;0.9 Percentage 16S rRNA difference, Total;Ti;Tv;indel 3.7;2.9;0.6;0.2 8.1;6.8;0.8;0.5 11.5;6.7;3.6;1.2 11.3;6.4;3.6;1.3 Percentage tRNA difference, Total;Ti;Tv;indel 3.5;2.7;0.3;0.5 5.8;5.0;0.7;0.1 11.2;8.5;2.0;0.7 11.1;8.5;1.8;0.8 Ti/Tv ratio in codon position 1;2;3 25.5;14.0;11.2 6.9;5.8;4.7 2.7;2.6;1.7 2.9;3.6;1.5 Ti/Tv ratio in 12S rRNA; 16S rRNA; tRNA 5.4;5.1;8.2 5.8;8.2;7.6 3.8;1.8;4.3 3.4;1.8;4.6
Note. Ti, transition; Tv, transversion; Percentage nt difference does not include control region. Percentage conservative nt difference is limited to protein-coding genes. Data of protein-coding and tRNA genes are based on the concatenated sequences of 13 protein-coding genes and 22 tRNA genes, respectively.
COMPARISON OF SEQUENCES FROM THE WHITE, THE INDIAN, AND THE BLACK RHINOCEROSES
The sequences of the mitochondrial cytochrome b gene (Irwin et al., 1991) and of two tRNA genes (tRNA-Phe and tRNA-Pro) and the control region (Jama et al., 1993) have been reported for the black rhinoceros. In both the control region and the two tRNA genes there are fewer differences between the white and the black rhinoceroses than between either of these species and the Indian rhinoceros. Comparisons of repeat motifs from the control region of the three species are also consistent with a closer relationship between the white and the black rhinoceroses than between either of these species and Indian rhinoceros. With respect to the cytochrome b gene, however, the phylogenetic relationship among the three species varies depending on the mode of comparison. The pairwise difference between the cytochrome b gene of the three species is shown in Table 4 . Protpars analysis identified the white and the Indian rhinoceroses as sister taxa to the exclusion of the black rhinoceros (bootstrap value 81), whereas analysis of the nt sequences joined the white and the black rhinoceroses with a bootstrap value of 86.
DISCUSSION
The family Rhinocerotidae includes four extant genera-two African (Ceratotherium and Diceros) and two Asian (Rhinoceros and Dicerorhinus). Systematic relationships among the four genera are controversial, with arguments, to a considerable extent, focussing on the phylogenetic position of the Sumatran rhinoceros, Dicerorhinus sumatrensis (an Asian two-horned rhinoceros). Hypotheses for the relationships of these genera have been proposed on the basis of both the number of horns and geographical distribution. According to the number of horns hypothesis (Simpson, 1945 ) the African genera plus the Sumatran rhinoceros have been joined in a two-horned group. The ''geographic split'' hypothesis (Groves, 1983) , which does not consider the number of horns, joins the two Asian genera into one group, separate from the African rhinoceroses. A third hypothesis (Prothero and Schoch, 1989) , which takes into account both number of horns and geographic distribution, separates all extant rhinoceroses into three subtribes-one including the two African genera (Ceratotherium and Diceros), one including Dicerorhinus, and one including Rhinoceros. Restriction site mapping of the mitochondrial rRNA genes (Morales and Melnick, 1994 ) supports a subdivision of the living rhinoceroses according to the number of horns, consistent with Simpson (1945) .
In the present study we have studied the basal divergence among extant rhinoceroses, irrespective of the mode of defining this distinction (number of horns or geographical distribution), by examining the molecular difference between the white rhinoceros, a twohorned rhinoceros which lives in Africa, and the Indian rhinoceros, a one-horned rhinoceros which lives in Asia. On the basis of this molecular comparison we estimate the basal rhinocerotid divergence to have been <27 MYBP. The external reference used in establishing this divergence time was the A/C-60 standard, the dating of 60 MYBP for the evolutionary divergence between Artiodactyla and Cetacea . As discussed by Xu et al. (1996b) and the divergence between Artiodactyla and Cetacea is probably the most distinct ordinal mammalian divergence that has been defined in both paleontological (Gingerich et al., 1994; Thewissen et al., 1994) and molecular terms, and the application of A/C-60 to the dating of the divergence between Equidae and Rhinocerotidae gives an estimated divergence time (Xu et al., 1996b) which conforms reasonably well with paleontological (Prothero and Schoch, 1989) findings.
Our dating of the basal divergence among extant rhinoceroses is somewhat earlier than some previously proposed datings of this divergence. Based on studies of variation at allozymic loci, Merenlender et al. (1989) calculated that the genetic distance between the white (Ceratotherium simum) and the black (Diceros bicornis) rhinoceroses was around one-third of that between either of these species and the Indian rhinoceros (Rhinoceros unicornis). The fossil records of Diceros and Ceratotherium indicate that they have coexisted for approximately seven million years and based on these findings Merenlender et al. (1989) dated the divergence between these genera and Rhinoceros to 26 MYBP. This dating is consistent with our dating of the divergence between the white and Indian rhinoceroses, obtained using A/C-60. It should be noted, however, that the dating by Merenlender et al. (1989) is dependent on a much closer relationship between Ceratotherium and Diceros than is suggested by comparison of the complete cytochrome b genes of the black, white, and Indian rhinoceroses (see Table 4 ).
Based on restriction site mapping, O'Ryan and Har- ley (1993) reported a 6.8% sequence divergence between the mtDNAs of the black and the white rhinoceroses. This figure is low compared with the total difference (9.9%, see Table 4 ) between the cytochrome b genes of these species. Without calibration for differences in evolutionary rates it is difficult to use total difference for calculating times of divergence and it has furthermore been shown (Ohland et al., 1995) that differences calculated on the basis of restriction analysis may differ markedly from actual differences. On the basis of restriction analysis, Morales and Melnick (1994) proposed an evolutionary rate of 0.3% per million years in the mitochondrial rRNA genes of rhinoceroses. Applying this rate to partial sequences of the 12S and 16S rRNA genes (<1.6 kilobases total length), and using as a reference the divergence between Equidae and Rhinocerotidae dated at 50 MYBP, they calculated that extant two-horned (such as the white rhinoceros) and one-horned (such as the Indian rhinoceros) rhinoceroses separated around 21.5 MYBP. This dating is somewhat later than our estimate of 27 MYBP, obtained using complete mitochondrial DNA molecules.
